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ABSTRACT

Date secured up to March 1956 are given on the properties of
aqueous phosphoric acid solutions of uranium that might be suitable for
use in homogeneous reactors. Included is information on solubility,
radiation stability, vapor pressure, thermal expansion of the liquid
phase, and corrosion. Sufficient uranium solubility in the system
UO3-HgPO4-Hz0 1s readily obtainable with as little as 2 or 3 M phos-
phoric acid. Adequate uranium solubility in the system UO2-HzP04-Ho0
requires the use of concentrated phosphoric acid, but these solutions
have the advantages of low vapor pressure and low equilibrium pressure
of radiolytic hydrogen and oxygen. A brief discussion is given of
feasible methods of reprocessing phosphate fuel solutions with the use

of only inorganic reagents.
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Chapter 1

The System U03-H3P04-H20

1.1 Solubility

The solubility of the hexavalent uranium at high temperatures
was determined with the constituents contained in closed, high-pressure
equipment from which filtered samples of the liquid phase could be
withdrawn as desired. The design and operation of the pressure bombs
and assoclated equipment have been described by R. M..Bidwell,

W. R. Wykoff, B. J. Thamer, and C., D, Ross.'’2 The temperature control
was within 1° C. With an excess of solid present, phase equilibrium was
indicated when several successive éampies of the filtered liquid phase
taken over a period of several hundred hours showed the same composition
by analysis.

The solubilities that were obtainable when UOz was dissolved
in nominally 2 or 3 M phosphoric-acid have been given in Tables 1.l and
1.2, respectively, The density data and formuls from which the molali-
ties were calculated have been included in Teble l.3. The solid phase
was the (UO2)3(P04)2UH-0 described by W. W. Harris and R. H. Scott®
except that a small amount of an orthorhombic modification®sS of the
same compound sometimes was present also, The increased uranium solu-
bility at the higher phosphoric acid concentrations is largely attrib-
utable to the complexing action of the phosphoric acid. In Appendix A

are shown the effects on the uranium solubility of neutralizing pért of



Table 1.1

Solubility Deta Obtained Upon Equilibrating Excess Solid
(UO2) a(PO4) 2+ 4H-0 with a Solution of Initially 0.30 M UOg

Dissolved in 2.0 M HzPO,

(Equilibrium Solid Phase: (UOz)a(PO4)seUH-0)

Temperature, Analytical Molarities Molalities

Oc. U  Total Phosphate U  Total Phosphate Refs.

25 0.342 2.00 0.38 2.21

161 0.257 1.90 0.285 2.11 L, 6

199 0.224 1.91 0.248 2.12 4,6

256 0.201 1.76 0.221 1.93 4,6

267 0.203 1.88 0.224 2.08 6

o7k 0.195 1.91 0.216 2.11 6

298 0.198 1.95 0.220 2.16 6

330 0.258 2.24 0.291 2.53 6

354 0.308 2.43 0.352 2,77 -

35545 0.229 2,12 0.257 2,38 6

380 0.592 2.97 0.703 3.53 6
0. H. Dey et al., ORNL-1116:

250 0.25 2.1 0.28 2.35 7
W. L. Marshall et al., ORNL-1121 (interpolated):

250 0.15 2,00 0.17 2,22 8

Spaken from the data of J. M. Schreyer and C. F. Baes, Jr.,° at
250 C., at which temperature the equilibrium solid phase is UOZHPO,*L4HSO.

-10-



Table 1.2

Solubility Dete Obtained Upon Equilibrating Excess Solid
(U02) 3(PO4) 2°4H20 with a Solution of Initially 0.3 to 0.5 M UOs

Dissolved in 2.9 to 3.2 M HaPQ,

(Equilibrium Solid Phase: (UOz)a(PO4)2°4H50)

Temperature, Analytical Molarities Molalities
oc. U Total Phosphate U Total Phosphate Refs.
25 0.62% 3.00 0.74 3.57
200 0.559 3.12 0.669 3.73 6
250 0.601 3.40 0.731 L1y 6
291 0.561 3.29 0.677 3.97 4,6

0. H. Day et al,, ORNL-1116:
250 ) 0.60 3.1 0072 3'7 7
W. L. Marshall et al., ORNL-1121 (interpolated):

250 0.29 3,00 0.3k 3.53 8

a".I‘a.ken from the data of J. M. Schreyer and C. F. Baes, Jr.,°2 at
25° C., at which temperature the equilibrium solid phase is UO-HPO,*4H-0.



Table 1.3

The Density at 25° C. of Solutions of UOs in HaPO,

Solution Composition (molarities) Density, g/ml at 25° C.
0,314 M U0z in 1.91 M HsPO4 1.1720
0.335 M UOz in 1.95 M HzPO, 1.1886
0.195 M U0z in 2.94% M HzPO, 1.1998
0.248 M U0z in 2.96 M HaPO, 1.2125
0.291 M UOg in 2.96 M HgPO, 1.2252
0.341 M U0z in 2.96 M HaPO, 1.2379
0.559 M U0z in 6.08 M HaPO,4 1.4418
0.467 M U0z in 7.38 M HaPO4 1.4805
0.555 M U0z in T7.55 M HaPO4 1.5041
0.56T7 M U0z in T.79 M HzPO, 1.5208
0,647 M UOa in T.49 M HzPO, 1.5280

The above density data in 2 to 3 M HgPO4 may be represented by
the formula 4 = 1.2316 + 0.0518 ([HzPO4] ~ 2.96) + 0.255 ([U] - 0.316)
vwhere brackets indicate molarities.

-12-



the phosphoric acid or substituting UOp(NOz)z for UOs. Any gains in
uranium solubility so obtained would appear to be more readily obtain-
able by simply increasing the concentration of phosphoric acid instead.
If a solution of UO3 in concentrated HgPO, is heated with an
air atmosphere in a closed container, it can be observed that at temper-
" atures of 200° C, and higher the uranium spontaneously evolves oxygen
and is converted to the tetravalent state. The decomposition also is
appreciable sfter a period of several months at room temperature. The
decomposition is more rapid and more extensive the higher the phosphoric
acid concentration. Such decomposition was prevented in obtaining the
data of Tables l.1, 1.2, A.l, and A.2 by having a pressure of 300 psi
of oxygen placed in the bomb before heating was begun. That such a high
pressure of oxygen was not necessary has been indicated by the fact that
tests at 4300, 3000, and 170° C. of several hundred hours' duration at
each temperature have shown the thermal stability of a solution of 0.60
M U0z in 7.50 M HzPO4 over which had been placed 200 psi of oxygen at
room temperature. The tests also indicated that the uranium was com-

Pletely soluble in the latter solution.

1.2 Radiation Stability

It has been reported that decomposition of 85% HzPO, takes
place upon irradiation in a Van de Graaff for 5.5 minutes at an ioniza-
tion density corresponding to 550 kw/l in a homogeneous reactor.® In
spite of this, phosphate ion is considered to be adequately stable to

 reactor radiation.'’ This view is supported by experimental work done

-13-



et Osk Ridge National Laboratory. In this experiment a LAPRE I-like
type of solution was irradiated in a thermal neutron flux of 1.5 x 10*23
for ten hours at temperatures from 260° to 390° C.2 The solution con-
tained 0.31 M dissolved UOs (approximately 90% enriched) in 2.9 M HgPOg4.
Although the dissolved uranium had a catalytic éffect on the recombina-
tion of hydrogen and oxygen, a still greater catalytic effect was
obtained by incorporating 0.0020 M Cu'2 in the solution. The solution
initially occupied 4¥1% of the volume of its container. The power
density which was developed was 60 kw/l, end the solution appeared to
be stable under these conditions, although & moderate corrosion of the
stainless steel bomb caused some reduction of uranium and copper. It
is thought that this stability would extend as well to somewhat higher
concentrations and temperatureé.

It was found from the above experiments that the pressure of
radiolytically produced hydrogen and oxygen at 60 kw/l would be amall
compared with the vepor pressure of the solution at 430° C. This would
be true even in the sbsence of dissolved copper. The equilibrium radio-
iytic gas pressure is inversely proportional to an experimental recombi-
nation rate constant k“, vhich is the fractionsl recombination per hour.
Figure 1.1l indicates the behavior of kn for a LAPRE I type of solution

(lower curve) and a LAPRE II type of solution (upper curve), which type

*The designation "LAPRE" represents "Ios Alamos Power Reactor
Experiment."” LAPRE I is to be operated with 0.5 M enriched UOsz in 7.5 M
HaPO4 at 430° C., and LAPRE II is to be operated with epproximately
0.35 M enriched UOs in 17 M HaPO, at 430° C.

“1h4-
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of solution is to be described in Chapter 2. Although kﬂ is much lower
for the LAPRE I type of solution than it is for the LAPRE II type,
nevertheless, it would be satisfactorily high for LAPRE I operation at

LOO® ¢. or above.

1.3 Vapor Pressure

Figure 1.2 contains representative vapor-pressure data.
Included in the figure for the sake of comparison is the vapor-pressure
curve for pure water!® up to its critical temperature T, = 3740 C. The
critical temperatures were not reached for any of the phosphate solutions
represented in the figure. The presence of the phosphoric acid appreci-
ably lowers the vapor pressure, but the presence of the uranium appears

to raise it slightly.

1.4 Thermal Expansion of the Liquid Phase

Measurements of the thermal expansion of the liquid phase with
increasing temperature were made with cathetometer measurements on solu-
tions that had been sealed in thick-walled quartz capillaries. The
capillaries were held at temperatures uniform to 1° C. in a cylindrical
Pyrex heating device that was heated by electrical heating wire wound
around its exterior. The curves of Figures 1.3, l.4, and 1.5 are repre-
sentative of the data that were obtained. In the instances noted the
meniscus disappeared and the uranium as well as the rest of the liquid
phase became wniformly distributed throughout the capillary in a single
fluid phase. This phenomenon corresponds to passage through the critical

temperature of the solution. The data of Figure 1.3 show that at

-16-
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3 to 4 M HgPO, the disappearance of the meniscus oécurs in the neighbor-
hood of 430° C., some 60° above the critical point of water. Figure 1.k
1llustrates the effect on the volume behavior of varying the HsPO4 con-
centration. As the HzPO4 concentration is increased, the curve becomes
flatter, thus decreasing the negative temperature coefficient for a
reactor, but also decreasing the control-rod requirements. These con-
siderations, as well as the matter of vapor pressure, meke the 7.5 M
Ha3PO4 concentration of Figure 1.5 more desirable for reactor use above
400° C. than the 3 to 4 M HaPO, of Figure 1.3 if corrosion is not a
factor. Figure 1.5 also illustrates how the presence of dissolved
uranium tends to cause the meniscus to disappear when it would not dis-
appear in the gbsence of uranium,

At temperatures above 400° C., solutions such as those of
Figures 1.3, 1.4, and 1.5 are somewhat compressible, but they neverthe-
less can cause greatly increased stresses in their containers if they
ar2 heated beyond the temperature at which the liquid fills the con-
tainer. Figure 1.6 provides data on temperatures st which various
charges of solutions just fill their containers. (Included in the
figure are temperatures at which the meniscus diseppeared because such
temperatures usually are not far from the ones at which the container
otherwise would be filled.) The slopes of the best straight lines
through the points show the expected.result that the higher the volume
of the initisl charge the lower is the temperature at which the container

Tills. Increased concentrations of phosphoric acid raise the temperature

-21-



et which the container fills. The data of Figure 1.6 were obtained with
air at 1 atm in the gas phase over the initial liquid charge. Flgure
1.7 illustrates the compressing effect on the liquid phase at high

temperatures that can be caused by an added gas.

1.5 Corrosion

The corrosion results to be presented were obtained with one
specimen per bomb and an initial degree of f£illing of solution of 60%.
Fach bomb was clad with platinum or gold except as noted. There was a
maximum temperature difference throughout the bomb that has been meas-
ured to be 10 * 3° ¢., possibly less below 300° C. 'The nominsl temper-
sture at each test was that at the hottest portion of the bomb. Under
corrosion conditions the ratio of exposed bomb area to specimen area
was in the range of 5 to 10, The bombs were rocked at a rate of 2 cycles
a minute. Unless otherwise noted, corrosion rates were computed from
changes of weight after any loosely adhering corrosion product had been
brushed off.

Corroslion tests at various temperatures were made with speci-
mens of Type 3&7* stainless steel. At room temperature or 50° C. the
corrosion rate with 0.6 M UOz in 7.5 M HgPO, was hardly measurable
(0.01 mil/year). Figure 1.8 shows representative results that were
obtained at higher temperatures with three different phosphoric acid
concentrations. The general shape of the curve is similar at any phos-
phoric acid concentration from 3 M to 7.5 M. The increase in corrosion

rate with increasing temperature up to about 200° C. is due to the

*17 to 19% Cr, 9 to 12% Ni, 0.08% C max., Nb at least ten
times the carbon content.

P22 -
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increased rate at which the protective oxide coating is dissolved away.
Above this temperature the corrosion rate decreases due to the formation
of an adherent phosphate coating that impedes corrosion. The coating
may cover the specimen uniformly at higher temperatures when the mini-
mum in the curve is reached as, for example, with the 3 M phosphoric
acid. waevgr, in the series with 7.5 M phosphoric acid there was
pitting of the specimen at temperatures corresponding to the corrosion
minimm. With any concentration of phosphoric acid in Figure 1.8 there
was again increased corrosion at still higher temperatures with pro-
gressively greater pitting. Generally, the higher the oxygen pressure
the lower is the corrosion rate, as is illustrated by the extra point
with double the oxygen pressure at 5.2 M HzPO,. The oxygen apparently
helps in maintaining & protective coating. The lower curve of Figure
1.8 would indicate that moderately short-term use of 0.4 M UOz in

3.0 M HaPO4 contained in Type 347 stainless steel would be quite feas-
ible at 250° to 300° C.

It has been shown by F. H. Beck and M. G. Fontana that the
presence of Cu.+a above & certain concentration greatly inhibits the
corrosion of stainless steels by 85% phosphoric acid at 130° C.'% They
found the critical concentration to produce corrosion inhibition to be
in the range of 0.003 to 0.01L M Cu+2. The amounts of dissolved Cu+2
present in the tests of Figure 1.8 were below fhis critical concentra-
tion, as the points at 420° C. would indicate. A difficulty is the

limited solubility of cupric copper in solutions of UOs in phosphoric
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acid. The reason is the formation by copper and uranyl of a sparingly
soluble double phosphate, the composition of which corresponds approxi-
mately to that of the mineral torbernite, Cu(UOoPO4)s°12H-0. Teble 1.k
gives some solubility values for Cu+2 in the presence of excess torber-
nite. It is considered impractical to have more copper present then is
soluble at room temperature. However, a test at 430° C. with a solution
of 1.0 M V03 + 0.20 M CuO dissolved in 5.6 M HgPO, + 1.9 M NaHoPO4 has
been found to give pitting with Type 347 stainless steel. Hence, the
use of this type stainless steel as a corrosion-resistant material in
the presence of Cu+2 as a corrosion inhibitor has not seemed to be an

answer to the problem, although further work probably would be Jusfified.

Table 1.4

The Solubility of Cu'2 in Two UOs-HaPO, Solutions

Copper Molarity Copper Molarity
Solution at 23° c. at 430° c.
1.0 M U0z in 5.5 M HaPOy 0.001 0.16
1.0 M U0z in 5.6 M HaPO, +
1.9 M NaHoPO4 0,007 0.28

The use of sodium silicate or sodium chromate as & corrosion
inhibitor for Type 347 stainless steel produced no improvement in

resistance to corrosion. Spot checks with other types of stainless
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steel such as 316 ELC, 317, and 310 showed them to be fairly similar to
the 347 in corrosion resistance. The same could be said for the alloys
Inconel, Inconel X, Nionel, the Hastelloys, and Haynes 25. Carpenter 20
stainless steel* appeared to be significantly better than 347 stainless
steel, as did zirconium and certain zirconium alloys such as Zr-1.7% Mo.
In all of the foregoing tests chloride was present to the extent of
about O.l ppm. |

Either gold or platinum has been found to have a satisfac-
torily low corrosion rate at 430° C. or below, either with or without
10 ppm of added chloride. For example, gold at 430° C, in contect with
& solution of 0.6 M U0z in 7.5 M HaPO4 and 200 psi (25° C.) of oxygen
gave a corrosion rate of O, mil/year or less in the presence or
absence of the added chloride. No pitting was observable under a micro-
scope after such a test for four days. A method has been devised for
detecting pinholes in gold plate or gold cladding that has been placed
over a ferrous material of construction. The plated or clad object is
immersed in an acidified 1% potassium ferricyanide solution and made
anodic to a platinum cathode for 10 to 30 seconds. Ferrous ions are
formed at the base of any pores existing in the gold and produce an
insoluble blue compound with the ferricyanide that is not affected by
subsequent washing of the specimen to remove acid. The location of any

defects can e determined subsequently by visual inspection.

*
20% Cr, 29% Ni, 1% Si, 0.07% C max., 2% Mo min., 3% Cu min.
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Corrosion tests similar to the one with gold showed that corro-
sion rates of 0.1l mil/year or less were undergone by alloys such as
90% Pt-10% Ir, 90% Pt-10% Ru, 90% Pt-10% Rh, and 30% Pt-T0% Au. Because
of the partial conversion of gold to mercury that would take place in a |
reactor, -similar tests were made with Hg-Au alloys. An alloy of
1% Hg-99% Au lost 90% of its mercury to the solution in two days. Hence,
it is thought that no appreciable concentration of mercury could buiid up
in the gold under these conditions., Of various precious metal solders
that were tested, Incoro 60 appeared to be the most satisfactory. It

\

had a corrosion rate of about 30 mils/year.
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Chapter 2

The Sﬁtem UOg-HsPO.;.-HgQ_

2.1 Solubility

Determinations of urenium solubility were made in the same
manner a8 in Section l.l. The data are given in Table 2.1l. The solid
rhase in each case was a uranous phosphate or pyrophosphate, of which
three forms were observed sbove room temperature. They are described
briefly in Teble 2.2. Solid II appears to be the stable solid phase at
the less elevated temperatures for concentrations of phosphoric acid of
9 M and higher. If that is true, then the uranium solubility actually
may be less than indicated at 325° C. and lower temperatures for 16.3 to
16.5 M HaPO4. Table 2.3 contains the results of some measﬁrements on

the densities of some solutions of UOp in HgPO4.

2.2 Radiation Stability

The fact that solutions of U0z in concentrated phosphoric acid
spontaneously evolve oxygen to give uranous ion testifies to the great
thermodynamic stability of the tetravalent state in such solutions.
Hence, these solutions of UQp would be expected to be stable in atmos-
pheres that are reducing, inert, or moderately oxidizing. The upper
curve of Figure 1.l for such solutions as these is thought possibly to
be too low due to certain experimental errors. Nevertheless, if a solu-
tion of enriched 0.5 M UOs in 16.5 M HzPO4 were exposed at 430° C. to a
thermal neutron flux of 103, the equilibrium pressure of radiolytic

hydrogen and oxygen estimated from the figure would be less than 20 psi.
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Table 2,1

Solubility Data in the System UOo-HzPO4-Ho0

Temperature, Analytical Molarities
o¢. U Total Phosphate Solid Phase
25 0.38% 9.0 U(HPO,4) 2°*6H=0
200 ca. 0.15 8.8 I
430 0.11 9.3 I
25 1.02% 14,0 U(HPO,) (HaPO4) 2°Hz0
370 0.30 14.0 III
430 | 0.24 1%.0 III
175 0.51 16.3 III
250 0.67 16.5 III
325 : 0.55 16.3 I1I
370 0.46 16.6 III
430 0.42 16.5 III
450 o.uk 16.6 ' IIT
17k 0.43 17.6 II
250 0.48 17.6 IT
326 > 0.51 17.6 II
430 0.48 17.6 IIT
460 0.50 17.4 IIT

®Data at 25° C. have been taken from the report by
J. M. Schreyer.lS
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Table 2.2

Description of Solid Phases

Solid I: The crystals consisted of very small orthorhombiec blades
having a pale green color. The mean refringence was near
, *
1.65. The composition was U(HPO4)2+Ho0.

*
Solid II: ‘The composition was U(HPO4)(H2PO4)2*5H20.

Solid III: Chemical analysis indicated a composition of U(HP04)2.*
However, x-ray studies and studies of the optical proper-
ties of the crystals have led R. M. Douglass and
E. Staritzky of this Laboratory to the conclusion that
it was the orthorhombic UPz07 that has been observed

previously.l®

*
The degree of hydration is uncertain by perhaps 1 molecule

of water.
Table 2.3
The Density at 25° C. of Solutions of UOp in HgPOy

Solution Composition (molarities) Density, g/ml at 25° C.
0.304 M U0z in 16.8 M HzPO4 1.877h

0.358 M UO5 in 17.0 M HaPO4 1.8881

0.406 M UO5 in 1T7.1 M HzPO, 1.9024

0.434 M UOs in 17.1 M HaPO, 1.9122

0.511 M U0z in 1T7.1 M HzPO, 1.9284
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It is doubtful if any measurable oxidation of U(IV) would be produced
under these conditions, particularly if a hydrogen overpressure vere

maintained as in LAPRE IT.

2.5 Vapor Pressure

Figures 2.1 and 2.2 contain vapor-pressure data for solutions
of 0.5 M U0, dissolved in various concentrations of phosphoric acid.
The initial degree of filling was 62% for each solution. The vapor
pressures are at least a factor of 2 less than those of Figure 1.2 for
the. U03-HzP04~Ho0 system. As in the latter system, it is thought that
the presence of dissolved U0z in HzPO4 would raise the vapor pressure
to some extent, Figures 2.1 and 2.2 illustrate the marked reduction in
vapor pressure that is obtainable in this range of HaP0O, concentrations
by increasing the concentration of acid. Judging from the data of
E. H. Brown and C., D. Whitt, the vapor from even 100% HzPO4 would con-

sist mostly of water vapor.l”

2.4 Thermal Expansion of the Liquid Phase

The measurements were made in the same manner as in Section
1.4, Representative data are shown in Figure 2.3. Because of the high
concentrations of phosphoric acid, the critical temperatures probably
would lie above 600° C., which is the maximum temperature that has been
attained with the present transparent heating devices. The curves of
Figure 2.3 are flatter than curves obtained at lower concentrations of
phosphoric acid, thus lessening control-rod requirements in their appli-

cation as reactor fuels at high temperatures.
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Characteristics other than thermal expansion may be observed
on possible fuel solutions that have been sealed in thick-walled quartz
(or Pyrex) capillaries. Observations of a semiquantitative nature may
be made on solubilities in such solutions. For example, observations of
this type currently are being made on condensed phosphoric acid solutions

and solutions of Puls.

2.5 Corrosion

Gold and platinum are the only two metals that have been demon-
strated to be completely corrosion-resistant above L4OO®° C. to solutions
of U0z in concentrated phosphoric acid. The testing technique was the
same as in Section 1.5.

The results obtained with gold were obtained at 430° C. with
a solution of O.4 M UOp dissolved in 16.5 M HaPO4, which is a composition
that might be representative of & LAPRE II type of solution. Corrosion
rates of the order of the accuracy of detection (0.03 mil/year) or less
were observed whether the gas phase above the solution was initially
charged with air at 1 atm oy 200 psi of hydrogen. These results were
obtained whether the solution contained 0.2 ppm of chloride (from the
reagents) or 10 ppm of chloride. Results obtained at 430° ¢. with
H4P207, pyrophosphoric acid, also indicated undetectable corrosion with
similar atmospheres of air or hydrogen.

The use of gold as a cladding‘material in a reactor in which
a high burn-up were to be used might result in the conversion of an

appreciable fraction of the gold to mercury. For example, a thermal
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neutron flux of 103 at the gold.might give about 10% conversion to mer-
cury in 1000 days of continuous operation. Since the Hg-Au alloy has a
lover melting point than pure gold, its presence might restrict the
regctor operation to lower temperatures unless the alloys so produced
were dilute in mercury. Fortunately, mercury distills at an appreciable
rate from even dilute Hg-Au alloys. This has been demonstrated with a
‘2% Hg-98% Au alloy immersed in a solution similar to the above having a
similar hydrogen atmosphere. In four days at 430° C. the alloy lost
one quarter of its mercury, of which one half was absorbed by a neigh-
boring specimen of pure gold. There was no disruption of the surfaces
caused by the migration of the mercury. This ease of movement of the
mercury indicates that the gold cladding in the high-flux region of the
reactor might lose part of its mercury to the comparatively large area
of cladding that is in a much lower neutron flux. Other experiments
under similar conditions indicate that mercury diffuses readily through
8 15-mil gold lining and can be pumped off via grooves that have been
cut in the wall proper. Therefore, during a reasonable life of the
reactor, the resulting alloys should be dilute in mercury and should
cause no trouble.

Silver and perhaps ébme other materials show promise below
4oo® ¢, as corrosion-resistant materials for solutions of UOp in HzPOg4.

They are described in Appendix B.



Chapter 3

Reprocessing Methods

A solvent-extraction unit using tributyl phosphate has been
developed by R. D. Baker, W. J. Maraman, and H. R. Baxman, of this
- Laboratory, for reprocessing spent reactor solutions such as that from
LAPRE I. The properties of tributyl phosphate have been summarized in

Volume U4 of The Reactor Handbook.l® The nitric acid that necessarily

accompanies the uranium in the solvent-extractibn coluﬁns is to be
removed from the product solution by boiling.

The uranium must be in the hexavalent state in this reproces-
sing method as well as in otheré shortly to be mentioned. Thug the
uranium in spent fuel solutions from LAPRE II would first have to be
ccnverted to the hexavaleﬁt state before reprocessing and then reduced
to the tetravalent state again before being returned to the reactor.
Tetravalent uranium is oxidized automatically in concentrated.nitrate
sclutions (as at the beginning of the above method). It also can be
oxidized by the addition of 30% H-0» to concentrated phosphoric acid
sclutions. Reprocessed uranium in the hexavalent state may be con-
verted to the tetravalent state in concentrated phosphoric acid solu-
tions by the addition of hypophosphorous acid and hesting at 150° C. for
1/2 hour. Preliminary experiments indicate also that 300 psi of hydrogen
will reduce uranium to the tetravalent state in a matter of a few hours

at 200° C.
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In reprocessing an aqueous phosphate fuel solution one might
use precipitations of uranyl ammonium phosphate (UAP).'® However, addi-
tional work would be required to remove the ammonium ion from the
reprocessed fuel solution before it was returned to the reactor., Simi-
lar considerations might epply for a uranyl sodium phosphate (Usp) prg-
cess.t® Although these processes have disadvantages, they nevertheless
might compare favorably with solvent-extraction methods in processing
short-cooled fuel solutions because the inorganic reagents would be less
subject to detrimental radiation damege than would organic reagents.

Spent UOx-HzPO4 fuel solutions might be processed to advantage
in a method involving the precipitation of a double salt having a com-
position approximating that of the mineral torbernite Cu(UOsPO4)2*12Ho0.
The solubility of U(VI) at 25° C. in a solution of 0.4 M Cu(HoPO4)s +
0.2 M HaPO4 is approximately 1.1 x 10 % M. Decontamination factors have
been observed to be about 7 for gemma activity and 4 for beta activity
when torbernite is precipitated in 0.2 M Cu(HzPO4)s + 0.1 M HaPO4 con-
taining fission-product activity that is 1 year old. The decontamina-
tion from fission-product poisons so obtained in one precipitation might
be sufficient for returning the reprocessed fuel to the reactor. A more
quantitative recovery of the uranium might be achieved with an additional
precipitation of USP or UAP from the supernate from the torbernite pre-
cipitation followed by dissolution of the precipitate in sodium carﬁonate
and recycling. The advantage of the use of the torbernite precipitetion

would be that the torbernite could readily be converted to & LAPRE II



type of solution again. This step would be begun by dissolving the
torbernite in phosphoric acid that contained some hypophosphorous acid
[vhich would convert all of the copper to dissolved Cu(I)]. Then heat-
ing the solution would reduce all of the uranium to ‘the desired tetra-

valent state and precipitate all of the copper as the metal, .
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Appendix A

The Effect on Uranium Solubility of Neutralizing
Part of the HaPO4 or Substituting UOs(NO3)s for UQs

The effect of increase@ PH on uranium solubility in phosphate
solutions was studied by substituting NaH-PO,4 for part of the phosphoric
acid, The data of Table A.l were obtained with a solution having simi-
lar initial uranium and total phosphate concentrations as those of the
solution used in obtaining the dats of Table 1.1, but 15% of the total
phosphoric acid had been neutralized to NaHoPQ4 in the case of the
initial solution of Table A.1.® A comparison of the data of Tables A.l
and 1.l indicates that a partial neutralization of the phosphoric acid
leads to a slightly decreased uranium solubility.

The effect of decreased pH on uranium solubility was studied
by substituting uranyl nitrate for the uranium trioxide dissolved in the
phosphoric acid. The increased uranium solubility so obtained (Table
A.2) as compared with the values of Table 1.1 shows thé greater uranium
solubility to be obtained by substituting UOs(NOz)s for UOs in phosphoric
acid solutions. Two different solid phases were obtained by equilibrat-
ing the (UOz)a(PO4)2+UHS0 with the 0.316 M UOo(NO3)z in 2,07 M HaPO4.

A solid phase obtained at 150° C. was UOzHPO,<4H-0. An optical examina-
tion by E. Staritzky, of this Laboratory, and chemical analyses (Table
A.3) showed this solid to be essentially UO HPO,-UH0 with a small amount
of corrosion-product contaminants. The solid similarly obtained at

304° C. was found to be (UOs)a(PO4)oUH-0. Hence, the trensition

_Lo-



SUOZHPO4+4H20 = (UOz) 5(PO4) 24820 + HaPOg + BHo0
takes place at some temperature between 150° C. and 304° C. » when the
liquid phase is 0.3 M UO2(NO3)z in 2 M HzPO4. G. R. Leader and J. W.
Richter have obtained evidence indicating that the above transition
takes place at about 60° C, in 1 M HNOs and an unspecified, but prob-
ably smaller, concentration of phosphoric ecid.2® A similar transfor-
mation of UONH4PO4*3HZ0 into (UOz)a(PO4)2¢4HZ-0 has been observed by
A. D. Ryon and D. W. Kuhn to take place at about 80° C. in 0.8 to 1.6 M
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Table A.l

Solubility Data Obtalned Upon Equilibrating Excess Solid
(UO2) a(PO4) 2°UH20 with & Solution of Initially 0.3 M UOs
Dissolved in 1.7 M HzPO4 + 0.3 M NaHoPO,

" (Equilibrium Solid Phase: (UOz)a(POg4)z*U4HZ0)

Temperature, Analytical Molarities Estimated Molslities
°c. U Total FPhosphate U  Total Fhosphate
25 < 0.30 1.9 < 0.33 2.10
> 0.16° - > 0.18

200 0.216 1.89 0.239 2.09

295 0,171 1.86 0.189 2.05

33.3 0.136 1.99 0.1l51 2.21

335 0.217 2.14 0.243 2.40

350 0,157 1.97 0,174 2.18
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Table A.2

Solubility Data Obtained Upon Equilibrating Excess Solid
(UO2) a(PO4) 2* 4H-0 with a Solution of Initially
0.316 M UO2(NO3)o Dissolved in 2,07 M HaPO,

Temperature Analytical Molarities BEstimated Molalities
Oc. Uranium Nitrate Phosphate Uranium Nitrate Phosphate
200 0.335 0.563 1.89 0.380 0.638 2.1k
250 0.3 L 0.02  0.65 2.00 0.39 £ 0.02 0,74 2,29
304 0.34 £ 0.02  0.65 2,00 0.39 £ 0.02 0,7k 2,29
Table A.3

Composition of Solid Phase After Equilibrating (UOs) a(PO4)2+4#Ho0
at 150° C. with Initially 0.316 M UOs(NOs)o in 2.07 M HzPO,

Wt. % U0oT2 Wt. % PO4 3 Wt. % Fe + Cr

Sample No. 1 59.2 22.1 0.6
Sample No. 2 57.2 21.6 1.1
Theoretical for UOsHPO4e*L4H-0 61.6 21.7 -—
Theoretical for (UOz)a(PO04)z+L4HS0 5.6 17.7 ---
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Appendix B

The Corrosion Resistance of Various Materials
"in Solutions of UQOp Dissolved in HzPO4

Silver and copper were found to have some corrosion resistance
to concentrated phosphoric acid solutions if a neutral or reducing
atmosphere was maintained. Hence, a little phosphorous acid, HzPOg,
often was incorporated in the solutions to ensure the presence of a
reducing atmosphere. The HzPOsz would react at elevated temperatures
with the oxygen of the air in the bomb as well as with any hexavalent
uranium that was present with the dissolved UOs. The excess HsPOs then
would decompose to phosphoric acid, phosphorus, and hydrogen.

Some results obtained at low temperatures are shown in Table
B.l. Except for the figure with the asterisk, the figures were obtained
in the presence of air, the oxygen of wpich may not have been completely
removed by reaction with the HzPOs. Under these conditions Type 347
stainless steel is a good container material, at least up to 50° C. The
presence of hydrogen has an adverse effect on the corrosion rate of 34T
stainless steel, possibly because hydrogen destroys its protective
oxide film,

Teble B.2 contains the results of some orienting experiments
at 430° C. (In this and subsequent tables the initial degree of filling
was 63%.) Of the bare specimens, silver was the best. Its corrosion

rate did not vary markedly with the concentration of phosphoric acid.



Table B.l

Corrosion Tests with & Solution of O0.77 M U0z + 0.03 M UO5
Dissolved in 14.1 M HzPO4 + 0.20 M HgPOs

Average Penetration Rate, mils/year

Specimen 21 days at 23° €. 21 days at 50° C. 4 days at 100° C.
Copper 2.8 1.3 90*

Silver 0.06 1.4 ot tested

347 atainless steel 0.01 0.01 1.0, 2.9°

8The solution in this test was 0.38 M UOs + 0.02 M U0z in 16.5 M
HaPO4 containing no HzPOg.

PThe higher figure was obtained with 1100 psi of hydrogen placed
over the solution at room temperature instead of 1 atm of air.

Bare Everdur 1015 has about the same corrosion rate as bare copper, but the
Everdur has considerably more structural strength. The protective action of
the presence of graphite also is illustrated in the table. In these and sub-
sequent tests the graphite did not appear to be attacked.

Gold plating had a beneficial effect on the corrosion of silver or
copper, but the effect of diffusion into the gold was excessive in the case
of copper. Table B.3 gives representative results at 430° ¢. Subsequent
tests with plated specimens were made with plated silver. It had been
shown that the presence of a stick of graphite exerted a protective action

as did also the presence of an appreciable pressure of hydrogen. Although
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Table B.2

Corrosion Tests at 430° C. for Four Days,
Bach Solution Containing 0.20 M HsPOg

Average Penetration Rate,

Specimen . Solution mils/year
Bare silver 1.5 M HzPO4 67
Bare silver in contact

with a stick of graphite 1L4.5 M HzPO4 5
Bare Bverdur 1O0L5% 14.5 M HaPO, 432
Bare type 3M7 stainless

steel 14.5 M HzPO, > 2000
Bare silver 17.h M HzPO4 80
Graphite-clad coppefb 17.4 M HgPO4 16

&Alloy of 98.10% Cu, 1.65% Si, 0.29% Mn, and 0.05% Fe.

Prhe graphite cladding was 1/16" thick.

these effects were very marked with bare silver, they were ineffective

in protecting silver within pinholes that had been drilled through gold
plate which had been applied on silver. These conclusions are supported
by the results of Table B.4. Pinholes of 5 mil diameter had been drilled
through the gold plate into the silver before the corrosion runs were
begun. The depth of the pinholes before and after each corrosion rmn was
measured with a sharp-focus microscope to give the penetration produced.

by corrosion. Although the over-all sample corrosion rate was hardly
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Table B.3

Corrosion Tests at 430° C. for 25 Days
in 14,5 M HzPO, + 0.20 M HzPOs

Av, Penetration Rate of Appearance of
Specimen Silver or Copper, mils/year Corroded Specimen
3 mils gold plate 0.08 Unchanged except for a
on silver faintly lighter color
of the gold
1 mil gold plate on 40 Copper-colored surface
copper ) with erruptions

through plate and
corrosion beneath
plate

measurable, the corrosion rate of silver within the pinholes was high.

Similar pinholes drilled in bare silver were found to give
much less local corrosion if the silver was encased in graphite, as may
be seen from the results shown in Table B.5. The over-ail corrosion
rate of the silver appeared to decrease és the silver-graphite clearance
was increased to 60 mils.

In no corrosion test with silver or copper wes there any insol-
uble silver or copper salt formed. Hence, the specimens had no adhering
corrosion product. In an inert or reducing atmosphere the "corrosion"
of either silver or copper was due mainly to mass transfer. The mass
transfer often was evidenced by a silver or copper color having been pro-

duced on the platinum or gold lining of the bomb. The corrosion specimens
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Table B.h4

Pinhole and Average Corrosion Rates with Gold-Plated Silver

Over-all Sample

No. Days Penetration in Pinhole Corrosion Corrosion Rate,
Specimen Solution at 430° ¢, Pinhole, mils Rate, mils/year mils/year

3 mil Au/60 mil  0.58 M UOp + 0.02 M 1k 3.0 T 0.4 80 , 0.00 %t 0.04

Ag /347 SS plus U0z in 14.0 M HaPOyu

graphite stick + 0.20 M HaPOs
Same Sane 28 5.5 % 0.9 72 0.00 t 0.02
Sane Same Lo 12.3 0.2 12 0.02 t 0.01
3 nil Au/10 mil  0.25 M UOp + 0.00k ¥ 1h 3.0 t 0.2 T7 0.00 ¥ 0,04

Ag/34T SS plus U0s in 14.2 M HaPO4

200 psi Hp

(25° ¢.)
Same Same 29 4.0t 0,3 50 0.00 t 0.02
Same Sone Lo 8.4 73 0.0 0.1




Table B.5

Pinhole and Average Corrosion Retes with Graphite-Clad Silver
(Conditions: Nine Days at 430° C. with 0.58 M U0z + 0.02 M UOg in 14.0 M HgPO4 + 0.20 M H3POs)

Penetration in Pinhole Corrosion Over-gll Ssmple Corrosion
Specimen Pinhole, mils Rate, mils/year Rate, mils/year
Unplated Ag encased in 1/8" 0.05 t 0,05 2teo 0.30
graphite with 1 to 2 mils
Ag-C clearance (on diam-
eter)
Unplated Ag encased in 1/8" 0.2 ¥ 0.1 8%t 0.08
graphite with 30 mils
Ag-C clearance (on diam-
eter)
Unplated Ag encased in 1/8" 0.0 t 0.2 ot8 0.07

graphite with 60 mils
Ag-C clearance (on diam-
eter)




always were located in the coolest portion of the bomb, which was about
10° C. cooler than the hottes£ portion. Specimens of silver that. were
corrosion-tested with pért of tﬁe silver specimen projecting into the
vapor phase were found to have comparatively negligible corrosion in the
vapor phase, This indicates that the mechanism of mess transfer is not
due to the vapor pressure of the metal. A more likely mechanism ié via
the equilibrium

2Ag° + 2H" = 2Agt(complexed) + Ho

which lies considerably to the left even at 430° C., but not so much so
as to prevent mess transfer. The-data of Table B.6 were obtained with
verious pressures of hydrogen, the.p;eseﬁce of which should repréés‘mass
transfer aécording to the above equilibrium. The differences among the
penetration'rates for the first four entries may not be significant. A
hydrogen pressure of 200 psi is practically as effectlive as a pressure
of 1000 psi, which would indicate that the mass transfer at these hydro-
gen pres;ures probably is caused by another mechanism which is ﬂot.under;
stood. The last entry of the table indicates that 200 psi of hydrogen is
comparatively ineffective in protecting copper.

A corrosion test like that of Teble B.6 with silver and 200 psi
of hydrogen was repeated with pinholes of 5 mils diameter drilled into
the bare silver surface. The corrosion rate within the pinholes appeared
to be no greater than on the surface, and thet rate was ebout lO mils per
year. Another test like that in Teble B.6 with 0.0015 M added NazSiOa

led to a threefold increase in corrosion.



Table B.6

The Effect of Hydrogen on the Corrosion of Bare Silver
(Conditions: Four Days at 430° C. with 14.7 M HgPO4)

Bare Specimen Hydrogen Pressure Average Penetration
: at 25° C., psi Rate, mils/year
Silver 1000 6.6
Silver 300 4 8.1
Silver 200 6.5
Silver 100 10.1
Silver 4o 70
Copper 200 300
Table B.T

Corrosion Tests in the Absence of Galvanic Couples
(Conditions: 430° C. with 0.37 M UOn + 0.03 M UOg in 16.8 M HzPO, +
0.10 M HaPO, and 200 psi of Hp Initially Present at 25° C.)

Specimen Time, days Average Build-up of Metal
on Specimen, mils

Silver L 0.016
Silver 9 0.039
Copper L 0.112
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The results mentioned in the preceding paragraph and those
shown in Tables B.k4 and B.5 suggest that thefe may have been galvanic
corrosion between the exposed silver and the gold areas including the
gold cladding of the bomb. Thus the intensity of corrosion within the
pinholes of Table B.h was high because of the small ares of silver that
was expdsed. The eorrosion of the silver shown in Table B.5 was less-
ened because of the larger silver area and because of the Faraday Cage
effect produced by the galvanically less harmful graphite. Also, the
results of the preceding paragraph were obtained with a large silver
area. The results of Table B.7 were obtained in the absence of galvanic
couples by cérrosion testing the silver in a silver-clad bomb and the
copper in a copper-clad bomb. The specimens gained in weight, in each
case due to mass transfer from the bomb wall, which may have been 5 or
10° C¢. warmer than the specinen.

Figure B.l shows the effect of different temperatu¥es on the
corrosion of silver by 14,7 M HzPO4. The data indicate that above a
certain tefperature near the critical temperature of water the corrosion
rate increases from ebout 1 mil/year at the rate of about 1 mil/year per

109 ¢, The increased corrosion rate might be dvue in part to the appear-

ance of some pyrophosphoric gcid at the higher temperatures. For example,

17.6 M HaPO4 has been found to have about 5% of its phosphorus in the
form of pyrophosphoric scid at 430° C.
The corrosion of bare silver at 430° ¢, in the presence of 200

psi {25° C.) of hydrogen is not affected appreciably by variations in
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Fig. B.l1 Corrosion Rate vs. Temperature for Bare Silver.
[Conditions: 4 days in 14.7 M HzPO. with 200 psi
(25° C.) of hydrogen.]
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the phosphoric acid concentration in the range 9 to 17.6 M. The intro-
duction of 0.4 M dissolved UQp does not influence the corrosion rate at
550o C., but it has been observed to increase the corrosion rate three-
fold at 430° C.

Tests have indicated that Incoro 60 is a satisfactory solder
for use in solutions of UOs in HzPO4,. Tests of a preliminary nature
have indicated that tantalum as a corrosion-resistant material would be
intermediate between silver and copper at 430° C. in agreement with a
similar order of corrosion resistance observed by R. F. Miller, R. S.
Treseder, and A. Wachter at 250° C.22 Preliminary tests also show

molybdenum to have some corrosion resistance.
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